T
he waveform of rapid synaptic responses shapes the temporal domain of signal integration in the brain (1, 2) . In turn, the kinetics of synaptic receptor currents is constrained by diffusion of neurotransmitter in the synaptic cleft (3, 4) . This relationship, however, remains poorly understood, mainly because events inside the cleft are beyond the powers of direct experimental observation. There is little doubt, however, that synaptic cleft geometry is an important factor in shaping synaptic currents (3, (5) (6) (7) . The straightforward logic of physics predicts that decreasing the cleft height should increase the intracleft concentration of neurotransmitter and therefore enhance activation of synaptic receptors (8) . In turn, increasing the lateral cleft size could generally slow down neurotransmitter escape from the cleft and thus prolong synaptic responses (9) . Indeed, faster AMPA receptor-mediated EPSCs have recently been associated with smaller synaptic apposition zones in the developing cerebellar synapses (10) . However, lateral dimensions of synapses fluctuate considerably (even within homogeneous synaptic populations), whereas the cleft height remains remarkably stable. For instance, at the common excitatory synapses in hippocampal area CA1, the lateral cleft area varies several-fold (11) whereas the cleft height shows the coefficient of variation (an upper estimate) of only Ϸ26% (12). Interestingly, osmotic challenge or other physiological manipulations that affect dramatically the overall extracellular space dimensions (13, 14) do not appear to modify the synaptic cleft height (15) . This parameter also remains virtually unchanged during development (16) (17) (18) . Remarkably, in electron micrographs of synaptosomes (a preparation obtained using strong mechanical forces of centrifugal separation), the distance between the apposing synaptic membranes is indistinguishable from that in the intact neuropil. Across many synaptic types, this distance lies within a relatively narrow range of 15-25 nm (19) , which appears to be determined by the rigid structure of the intracleft protein scaffolding (20) (21) (22) . However, the adaptive purpose for the synaptic cleft height to be within this range is not clear: in theory, narrower cleft should provide for chemical synaptic transmission that is more efficient.
It has long been suggested, however, that the electric impedance of narrow synaptic clefts may reduce synaptic currents in the neuromuscular junction (23) . A similar phenomenon has been proposed to occur in central synapses (24) . Could this counterbalance the effects of the increased neurotransmitter concentration in narrow clefts? Here we use theoretical analyses and Monte Carlo simulations to investigate how the synaptic cleft height affects neurotransmitter diffusion, the electric resistance of the intracleft medium and, ultimately, synaptic receptor currents at a common excitatory synapse. We find that, over a physiological range of synaptic parameters, synaptic currents peak when the effective cleft height falls between Ϸ12 and 20 nm. This range is consistent with that reported by electron micrographs of central synapses. The results therefore suggest that the cleft architecture could be based on a simple principle: to maximize the strength of synaptic transmission.
Results
Synaptic Current Versus Cleft Height: A Convergent Analytical Solution. To obtain proof of principle, we first sought to evaluate the relationship between synaptic responses and the cleft height using basic laws of physics. According to the common approximation, synaptic clefts can be represented by a flat cylinder of radius R and height ␦ Ͻ Ͻ R surrounded by an infinite threedimensional medium (Fig. 1A) . Rapid release of Q neurotransmitter molecules in the cleft center gives rise to the concentration profile
where variables r and t stand, respectively, for the radial distance and time and D is the effective diffusion coefficient. The explicit form of C(r, t, Q, D, ␦), which is a solution of the fundamental diffusion equation, indicates that concentration is simply inversely proportional to the cleft height ␦ (expressions A1.2 and A1.3, Appendix 1). Fast signaling in central synaptic circuits relies in large part on rapid activation of synaptic AMPA receptors by the excitatory neurotransmitter glutamate. This reaction involves complex multistage kinetics of receptor binding, activation, and desensitization (25) (26) (27) . Because another major glutamate receptor type, NMDA, contributes negligibly to the peak amplitude of fast excitatory signals in baseline conditions (near the cell resting potential), we focused on the AMPA receptor responses only. To obtain a convergent analytical solution for the receptor kinetics, we used a reduced kinetic scheme that nonetheless provides reasonable approximation of receptor currents (expression A2.1, Appendix 2). Assuming that N (Ͻ ϽQ) AMPA receptors are uniformly distributed within the postsynaptic active zone of radius r a (Fig. 1 A) , receptor binding has little effect on the glutamate concentration time course (28) . Indeed, in the typical small excitatory synapse, Ϸ3,000 neurotransmitter molecules interact with only several dozens of intracleft receptors. Another useful simplification is to calculate receptor currents based on the average glutamate concentration within the synaptic active zone radius (r Ͻ r a ; expression A1.4, Appendix 1). In this case, the time course of receptor opening probability P o (fraction of open receptors) follows a convergent analytical expression (A2.3, Appendix 2). Quite expectedly, this expression predicts that the receptor opening probability increases as the cleft height ␦ decreases, as demonstrated earlier in a Monte Carlo model of a small excitatory synapse (8) .
At the same time, however, ␦ determines the electrical resistance of the volume conductor represented by the extracellular medium inside the cleft. In the typical central synapse, the intracleft resistance could give rise to a significant voltage drop in the radial direction across the cleft, which in turn influences the local membrane potential V(r) (24) . The receptor channel current could therefore depend on how far the activated receptor is located with respect to the cleft center/edge. This follows the classical relationship I(r) ϭ ␥(V(r) Ϫ V rev ), where V(r) is the local membrane potential and V rev is the receptor reversal potential. The profile of V(r) is determined by the cleft dimensions (R, r a , ␦) and by the extracellular medium resistivity R ex (A3.4, Appendix 3). According to the basics of physics, the value of R ex can be directly related to intracleft diffusivity D (A3.3, Appendix 3). Once the profile of V(r) and the receptor opening probability have been determined, the total synaptic current I syn (t) can be obtained through integration over all receptors within the active zone
where P o (t) reflects the adopted average P o over the active zone (see above). Substituting the respective functions into expression 2 yields a complex factor, which determines the total receptor current when NP o (t) receptors are activated (24)
Here, V o stands for the postsynaptic resting membrane potential outside the cleft, J 0 and J 1 denote Bessel functions of the first kind, and
When L(t) tends to zero, thus implying no detectable voltage drop along the cleft radius, expression 3 degrades into the classical case:
Combining Eqs. A1.2, A2.3, and 3 above gives a complex expression for I syn incorporating, respectively, glutamate diffusion, AMPA receptor activation, and current losses in the cleft. These derivations allow analytical testing of the relationship between the cleft height and the amplitude of synaptic currents for a variety of synaptic architectures.
Synaptic Parameters Explored. Clearly, conclusions drawn from a synaptic modeling study only make sense if the parameters involved either are constrained by experimental data or represent a plausible physiological range for the synapse in question. Therefore, we first assessed R free (Appendix 3) by measuring resistivity of the gassed (95% O 2 /5% CO 2 ) bath solution that we routinely use in physiological experiments in brain slices (29) . The value we obtained using a Hash Lange meter HQ14d (probe CDC401-01) at 36-37°C was 59 Ϯ 1 Ohm⅐cm [mean Ϯ SD; supporting information (SI) Fig. 3 ], which is in good agreement with the temperature-dependent R free values reported in refs. 30 and 31. Diffusivity of glutamate in the synaptic cleft was reported to decrease Ϸ3-fold compared with the free medium, from D free Ϸ 1.0 m 2 /ms to D Ϸ 0.33 m 2 /ms at physiological temperature (7). To cover the plausible physiological range of values, we therefore explored D from 0.15 to 0.5 m 2 /ms while adopting R free ϭ 59 Ohm⅐cm; these parameters in turn determined R ex (Appendix 3). The synaptic active zone radius was set at 70 nm, and the number of available AMPA receptors varied from 50 to 120, in accordance with the detailed experimental description of the common glutamatergic synapses in area CA1 of the hippocampus (32) (33) (34) . Similarly, the number of glutamate molecules released into the cleft was varied from the baseline value of 3,000 (35) to 8,000, to reflect the possibility of multivesicular release at this synaptic type (36) . Finally, the lateral size of the synaptic apposition was varied 5-fold (between 200 and 1,000 nm), to reflect the high variability, including age-dependence, of the overall synaptic dimensions (10) (11) (12) 19) . Within this range of synaptic parameters, the theoretical calculations described above predict that the maximum amplitude of synaptic current I syn peaks when ␦ falls between Ϸ10 and 20 nm (Fig. 1 B and C) .
Synaptic Current Versus Cleft Height: Monte Carlo Simulations. Based on fundamental laws of physics, the above derivations suggest that the cleft height could in principle optimize synaptic strength. However, to allow convergent analytical solutions, our theory had to rely on several simplifying assumptions (Appendices 1-3) . To test whether similar phenomena take place in more realistic conditions, we extended our testing by employing a Monte Carlo model of the synaptic environment. In the model, individual glutamate molecules performed three-dimensional randomwalk movements interacting with individual receptors (Appendix 4). When 3,000 or more glutamate molecules were released in the cleft center, the model generated plausible AMPA receptormediated currents (Fig. 1D ), in line with those expected at the postsynaptic site of hippocampal neurons (37) . Again, we tested the effect of the synaptic cleft height on the amplitude of AMPA receptor EPSCs over a plausible range of physiological parameters (see above). The results of Monte Carlo simulations suggest that I syn at the typical small synapse peaks when the cleft height value falls between Ϸ12 and 20 nm depending on the synaptic environment ( Fig. 1 E and F) . These values are generally consistent with the range obtained in analytical computations ( Fig. 1 B and C) in which the receptor kinetics scheme was truncated (Appendix 2) for the sake of convergent solutions.
To obtain a more comprehensive picture of the relationship between the optimal cleft height and synaptic architecture, we carried out a series of Monte Carlo simulations while systematically varying parameters of the synaptic environment. The results (Fig.  2) indicate that the optimal cleft height falls within a relatively narrow range of values, between Ϸ12 and 20 nm, across the variety of synaptic architectures characteristic for small excitatory synapses.
Discussion
It has commonly been assumed that the synaptic cleft height merely determines the effective concentration of released neurotransmitter, thus affecting synaptic strength in a monotonic fashion (8) . However, a recent theoretical investigation suggested that narrowing the cleft could significantly increase the effective cleft resistance. thus reducing the synaptic current (24) , in line with the classical conjecture by Eccles (23) . The present study investigates how these two phenomena interact, concluding that the synaptic cleft height may have an adaptive function of optimizing synaptic strength. Physiological experiments that would test this hypothesis directly are likely to be difficult because the rigid cleft structure appears to withstand various experimental manipulations, including physical separation of the synaptic membrane fraction or even the solubilization of the neighboring membranes (21) . Indeed, electron micrographs obtained with different tissue fixation methods suggest a relatively constant average distance between pre-and postsynaptic membranes ranging between 15 and 25 nm (19, 22) . The molecular basis of this architecture appears to rely on cadherin-type adhesion molecules that provide transcellular structural scaffolding connecting pre-and postsynaptic membranes (20, 21) . Even if experimental modification of the cleft height was feasible, it would be difficult to verify any change on the scale of nanometers. In addition, the intracleft lumen contains a dense matrix of glyco-carbohydrates as well as extracellular domains of integral proteins protruding from the plasma membrane over several nanometers. Because these macromolecular structures are likely to reduce the volume available to the free movement of ions inside the cleft, the effective cleft height is likely to be smaller than the intermembrane distance routinely observed in an electron microscope. This could explain why the optimal cleft heights predicted by our simulations (Fig. 2) tend to be somewhat lower than the commonly observed intermembrane gap of 15-25 nm.
Importantly, our simulations suggest that the optimal cleft height could vary, albeit within a relatively narrow range, depending on the synaptic architecture (Fig. 2) . In fact, many central synapses undergo age-or use-dependent modifications of synaptic efficacy. This often involves changes in synaptic morphology, in the amount of released neurotransmitter or in the number of available receptors (38) (39) (40) . Does the synaptic cleft height change in these circumstances? Electron microscopy has thus far been unable to provide an answer to this question because the expected small range of change (few nanometers) is comparable with or less than the measurement error involved. Irrespective of the answer, however, our present results suggest that central synapses tend to have the cleft height that may help generate the largest synaptic response. If so, this might reflect a simple, yet previously unrecognized rule of synaptic architecture: ''maximum effect at minimum expense.'' where C, r, and D stand for concentration, radial distance, and diffusion coefficient, respectively. An instantaneous release of Q glutamate molecules in the cleft center gives rise to the concentration profile C(r, t, Q, D, ␦)
Materials and Methods
where ␦ stands for the cleft height. However, the dwell-time of glutamate molecules inside the two-dimensional cleft tends to be overestimated compared with that in real three-dimensional synapses (9) . Therefore, we calculated diffusion profile for the cleft which opens into an infinite three-dimensional medium at the distance R from the cleft center, by introducing an absorbing boundary at r ϭ R. Solving A1.1 with this boundary condition gives a complex classical solution represented by a series of Bessel's functions (denoted J 0 and J 1 ):
The difference between the concentration profiles calculated from A1.2 and A1.3 during the first 0.5 ms after release (the time window of the synaptic current peak) was, however, Ͻ5% (data not shown). For the sake of clarity, we therefore used solution A1.2.
Expressions A1. 2 where T(t) ϭ 101 ϩ 40C(t)(Ϫ1 ϩ 10C(t)).
